Abstract. Many chemokine receptors are typically found on natural killer cells, including CX3CR1, the receptor for the chemokine Fractalkine (FKN). This study explored whether interaction between CX3CR1 and FKN is relevant for NK cell functions in cytotoxicity against tumors. FKN expression was examined by polymerase chain reaction and CX3CR1 expression in NK cells was analyzed by flow cytometry. NK cell cytotoxicity was examined by 4-h 51 Cr-release assay. 
Introduction
Chemokines are a complex family of small regulatory proteins, produced by different cell types, and their receptors are all G protein coupled receptors. The known chemokine system in humans comprises approximately 50 ligands and 20 G proteincoupled receptors (1) . The principal targets of chemokines are bone marrow-derived cells. The chemokine system is involved in the recruitment, activation and chemotaxis of leukocytes to the inflammation sites, controlling inflammatory trafficking, which plays a central role in leukocyte physiology. Based on their structural and genetic characteristics, four families of chemokines have been so far identified; c, cxc, cxxc and cxxxc. The receptors via which they function are also divided into four groups, correspondingly (2) . Fractalkine is a newly identified chemokine, the only member of the cxxxc family and also known as CX3CL1 (3, 4) . There are two forms of Fractalkine: the membrane form of Fractalkine, which is anchored to the membrane and may act as an adhesion molecule (5) ; and the soluble form of Fractalkine, which is released, presumably by proteolysis at a membrane proximal region by TNF-·-converting enzyme [TACE (ADAM17) and ADAM10] (6,7). The soluble form of Fractalkine exhibits efficient chemotactic activity for monocytes, NK cells and T cells (3) .
Fractalkine is reported to be an important factor during the inflammation process (3, 8) , in which it complexly interacts with inflammation cytokines (9) (10) (11) (12) . In some situations, it acts as an inflammation factor and causes cell injury or apoptosis (13) while, in other situations, Fractalkine treatment maintains cell survival and inhibits Fas ligand-induced cell death (14) . Fractalkine is also found in amniotic fluid during pregnancy where anti-inflammation factors are needed (15) . According to these findings, Fractalkine may be a chemokine with complex functions.
Natural killer (NK) cells are a subgroup of lymphocytes that contribute to protective responses against a variety of infections and cancers (16) (17) (18) (19) (20) . They are distinguished from T cells by their participation in innate immunity and early defense. NK cells were originally identified by their ability to spontaneously mediate lysis of certain susceptive tumor cell lines and their large granular lymphocyte morphology (16) . CX3CR1 was reported to be expressed on NK cells of PBMCs and may be the media of endothelial cell injury by NK cells with the anchoring form Fractalkine (5, 20) . NK cells also showed a chemotaxis response to soluble Fractalkine. We also found Fractalkine expressed in many tumor cell lines (21) . In this study, we further report that interaction between CX3CR1 and FKN on NK cells and tumor cells is involved in the natural killing process of NK cells against tumors. Cells and cell culture. The NK cell line (NK-92) was obtained from ATCC. The tumor cell line (K562) had been maintained in our laboratory for many years. K562 cells were cultured in complete RPMI-1640 medium supplemented with 10% heat inactivated fetal bovine serum (FBS), 2 mmol/l L-glutamine, penicillin (100 U/ml) and streptomycin (100 U/ml). NK-92 cells were maintained in ·-minimum essential modified (·-MEM) medium with 12.5% FBS, 12.5% horse serum, 100 U/ ml IL-2, and streptomycin (100 U/ml).
Materials and methods

Abs
Cell-mediated cytotoxicity assay. The lytic capacity of NK cells was examined in a 51 Cr-release assay. Briefly, target cells (K562) were labeled with 51 Cr for 60 min at 37˚C. Then target cells (10 4 /well) and effector cells were plated onto 96-well plates at the indicated E:T cell ratio and incubated for 4 h at 37˚C in a humidified atmosphere containing 5% CO 2 . In some experiments, sFractalkine was included in the medium at the indicated concentrations. In experiments using Abs or sFractalkine, NK cells were pretreated with saturating amounts of Abs or sFractalkine for 30 min at room temperature before the assay.
Reverse transcriptase-polymerase chain reaction. Briefly, total RNA was isolated from NK cells or K562 cells by using TRIzol (Gibco BRL). Five micrograms of RNA was reversely transcribed by random primer and incubated with 200 U M-MLV for 1 h at 37˚C. Ten micrograms of single-stranded cDNA was then subjected to 30 cycles of PCR. Samples were denatured for 3 min at 95˚C and, after addition of 2-U polymerase to a total volume of 100 μl reaction medium, the mixture was subjected to a 30-cycle PCR amplification program, each containing 30-sec denaturing at 94˚C, 30-sec annealing at different temperatures, and 1-min extension at 72˚C, with a 7-min extension after the last cycle. The primer sequences were: human Fractalkine (306 bp), forward 5'-AG GAGAATGCTCCGTCTGAA-3' and reverse 5'-AGAAGAG GAGGCCAAGGAAG-3'; human CX3CR1, forward 5'-TGG TAAAGTCTGAGCAGGACAGG-3' and reverse 5'-GTTGT TCATGGAGTTGGCGG-3'; and human ß-actin, forward 5'-GACCTGACTGACTACCTCATGAAGAT-3' and reverse 5'-GTCACACTTCATGATGGAGTTGAAGG-3'.
Flow cytometry analysis.
To examine the surface expression of CX3CR1, NK-92 cells were first stained with the primary antibody, anti-CX3CR1 pAb, and then with the PE-conjugated secondary antibody. All cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences) and data were analyzed by WinMDI (free software for FACS analysis).
Statistical analysis. Student's t-tests for cytotoxicity were performed to determine the statistical difference with p<0.05 or p<0.01 being considered significant or highly significant, respectively. All experiments were performed at least three times with a representative experiment being shown.
Results
Expression of CX3CR1 on NK cells and Fractalkine on tumor cells.
To confirm the expression of CX3CR1 on NK cells, mononuclear cells were isolated from human peripheral blood and the expression was confirmed by flow cytometry, using the antibody against CD56 and antibody against CX3CR1. As shown in Fig. 1A, 90 .18% of NK cells were CX3CR1 positive [25. 96/(25.96+2.83) x 100%], indicating that most human blood NK cells expressed surface CX3CR1 proteins. Meanwhile, we also examined the surface expression of CX3CR1 on human NK cell line, NK-92 cells. As shown in Fig. 1B , NK-92 cells expressed a high level of membrane CX3CR1 molecules. These results were further confirmed by RT-PCR analysis and the PCR product with the predicted length was obtained from the total RNA of NK-92 cells (Fig. 1C) . In order to verify if K562, the killing sensitive target cells of NK cells, express Fractalkine, we performed RT-PCR assay. The predicted length of RT-PCR product was obtained from total RNA of K562 (Fig. 2) . The results were also confirmed by Western blotting (data not shown).
Effects of neutralization and activation of CX3CR1-Fractalkine interaction on cytotoxicity of NK cells against tumor cells.
To explore the possible involvement of CX3CR1-Fractalkine interaction in the natural cytotoxicity against tumors, a neutralizing antibody was used in 4-h cytotoxicity assay system with NK-92 cells against K562 tumor cells. As shown in Fig. 3 , the neutralizing antibody partly blocked the cytotoxicity of NK-92 cells against K562 tumor cells. The inhibitory effects of the neutralizing antibody on NK-92-K562 interaction were greater at a higher effector:target ratio, indicating that CX3CR1-Fractalkine interaction was possibly involved in effector/target interaction (Fig. 3) .
In order to directly correlate the CX3CR1-Fractalkine interaction to the natural cytotoxicity of freshly isolated PBMC against K562 tumor cells, we then stimulated the PBMC with recombinant soluble Fractalkine in vitro. As shown in Fig. 4 , the natural cytotoxic activity of PBMC pretreated with recombinant soluble Fractalkine (40 ng/ml) against K562 cells was significantly enhanced at each effector:target ratio in 4-h 51 Cr-release assays, indicating that Fractalkine may activate the NK cells in the killing process.
Discussion
The importance of FKN/CX3CR1 interaction was explored in endothelium. Leukocyte trafficking at the endothelium requires both cellular adhesion molecules and chemotactic factors. FKN induced both adhesion and migration of leukocytes. Imai et al (5) firstly identified a seven-transmembrane high-affinity receptor for FKN, then termed CX3CR1, and showed that it mediated both the adhesive and migratory functions of FKN to endothelia cells (ECs). They also observed that NK cells predominantly expressed CX3CR1 and responded to FKN in both migration and adhesion (5) . It was reported that CX3CR1 was preferentially expressed in Th1 compared with Th2 cells. Th1 but not Th2 cells responded to FKN. FKN was expressed in ECs in psoriasis, a Th1-dominated skin disorder, but not in Th2-driven atopic dermatitis (5). Immobilized FKN by transfecting ENs markedly induced IFN-Á production by NK cells in a dose-dependent manner. Pretreatment of NK cells with the phosphatidylinositol 3-kinase (PI 3-K) inhibitor completely inhibited the production of IFN-Á induced by Fractalkine (11) . Transfection of FKN cDNA into ECV304 cells or HUVECs resulted in increased adhesion of NK cells and susceptibility to NK cell-mediated cytolysis compared with control transfection. Moreover, both enhanced adhesion and susceptibility of Fractalkinetransfected cells were markedly suppressed by anti-CX3CR1 Ab (21) . These findings demonstrate that FKN/CX3CR1 interaction plays an important role in the recruitment and adhesion of leukocytes including NK cells in inflammation.
More attention has been paid to the application potential of FKN in tumor immunotherapy. Several murine tumor models have been explored. It was found that radiolabelled YAC-1 target cells intravenously injected into C57BL/6 mice rapidly localized to the lungs and were cleared by NK cells. In mice pretreated with blocking anti-FKN or anti-CX3CR1 Ab, target cell clearance decreased by 4-to 5-fold, which correlated with decreased NK cell binding to activated endothelium (22) . When murine lymphoma cell lines (EL4 and its derivative EG7) stably transfected with human-CX3CL1 were injected s.c. into C57BL/6 mice, the tumor growth was severely impaired. This antitumor effect of CX3CL1 was also found in T and B cell-deficient Rag1 -/-mice but vanished in natural killer (NK) cell-deficient beige mice and in CX3CR1 -/-mice, suggesting the involvement of CX3CR1-expressing NK cells (5). Guo et al (27, 28) further found that FNK in a soluble form can chemoattract T cells and DC and membrane-bound FKN can adhere T cells and DC. NK activity increased in mice inoculated with 3LL-FKN, and in vivo depletion of NK cells resulted in the decreased tumor growth inhibition of 3LL-FK. Incubation of NK cells with 3LL-FKN could increase the cytotoxicity of NK cells against YAC-1 cells and even against NK-resistant parental 3LL cells (12, 23) . Recently, Xin et al (29) observed that intratumoral injection of adenoviral vector expressing mouse FKN (AdFKN) into C26 and B16F10 tumors resulted in a marked reduction of tumor growth. Histological examination of tumor tissue revealed abundant infiltration of NK cells, dendritic cells, and CD8 (+) T lymphocytes. Antitumor effects by AdFKN were completely abrogated in both NK cell-depleted mice and CD8 (-/-) mice, and partially blocked in CD4 (-/-) mice. These data indicated that Fractalkine mediates antitumor effects by both NK celldependent and T cell-dependent mechanisms (24) . Though almost all experiments were conducted on mice, Ohta et al (30) reported the first clinical results. Colorectal cancer (CRC) cases with a strong FKN expression showed a significantly better prognosis than those with a weak expression. Fractalkine expressed in the tumor appears to recruit cytotoxic T cells and NK cells to the tumor site and these cytotoxic cells result in a better prognosis mediated by tumor cell cytotoxicity (25) . These human results from clinical data analysis greatly supported those obtained from mice. Our in vitro human study further confirms the results in mice and humans, and demonstrates a direct interaction between FKN in human tumor cells and CX3CR1 in human NK cells.
